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Mycobacteria can repair DNA double-strand breaks (DSBs) via a nonhomologous end-joining (NHE]) system
that includes a dedicated DNA ligase (LigD) and the DNA end-binding protein Ku. Here we exploit an
improved plasmid-based NHE] assay and a collection of Mycobacterium smegmatis strains bearing deletions
or mutations in Ku or the DNA ligases to interrogate the contributions of LigD’s three catalytic activities
(polymerase, ligase, and 3’ phosphoesterase) and structural domains (POL, LIG, and PE) to the efficiency and
molecular outcomes of NHE]J in vivo. By analyzing in parallel the repair of blunt, 5’ overhang, and 3’ overhang
DSBs, we discovered a novel end-joining pathway specific to breaks with 3’ overhangs that is Ku- and
LigD-independent and perfectly faithful. This 3’ overhang NHE] pathway is independent of ligases B and C;
we surmise that it relies on NAD*-dependent LigA, the essential replicative ligase. We find that efficient
repair of blunt and 5’ overhang DSBs depends stringently on Ku and the LigD POL domain, but not on the
LigD polymerase activity, which mainly serves to promote NHE] infidelity. The lack of an effect of
PE-inactivating LigD mutations on NHE] outcomes, especially the balance between deletions and insertions at
blunt or 5’ overhang breaks, argues against LigD being the catalyst of deletion formation. Ligase-inactivating
LigD mutations (or deletion of the LIG domain) have a modest impact on the efficiency of blunt and 5’
overhang DSB repair, because the strand sealing activity can be provided in trans by one of the other resident
ATP-dependent ligases (likely LigC). Reliance on the backup ligase is accompanied by a drastic loss of fidelity
during blunt end and 5’ overhang DSB repair. We conclude that the mechanisms of mycobacterial NHE] are
many and the outcomes depend on the initial structures of the DSBs and the available ensemble of
end-processing and end-sealing components, which are not limited to Ku and LigD.
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DNA double-strand breaks (DSBs) can be repaired via
homologous recombination (HR) or nonhomologous
end-joining (NHE]). Because NHE] does not rely on a
homologous DNA template, it can operate when only
one chromosomal copy is available. Thus, NHE] is a ma-
jor DSB repair pathway in eukarya during the G1 phase
of the cell cycle (Takata et al. 1998; Ferreira and Cooper
2004). Recent studies have illuminated the existence of
an NHE] pathway in bacteria (for review, see Pitcher et
al. 2007a; Shuman and Glickman 2007) and its role in
repairing DSBs in the bacterial chromosome, especially
during quiescent states such as sporulation or late sta-
tionary-phase culture (Wang et al. 2006; Moeller et al.
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2007; Pitcher et al. 2007b; Stephanou et al. 2007). The
common thread in eukaryal and bacterial NHE] is their
reliance on the DNA end-binding protein Ku and a ded-
icated ATP-dependent DNA ligase (Ligd in eukarya,
LigD in bacteria). Whereas Ku and Lig4 are present in the
proteomes of nearly all eukaryal species, only a subset of
bacteria have genes encoding Ku and LigD, among which
are the human pathogens Mycobacterium tuberculosis,
Pseudomonas aeruginosa, and Bacillus anthracis.
Biochemical, structural, and genetic studies of the bac-
terial NHE] ligases and Ku proteins have uncovered
unique properties of the bacterial NHE] pathway. For
example, LigD differs from all other DNA ligases in that
it has multiple catalytic activities within a single poly-
peptide (Della et al. 2004; Gong et al. 2005; Zhu and
Shuman 2007). Mycobacterium, Pseudomonas, and
Agrobacterium LigD proteins are composed of three au-
tonomous domains: ligase (LIG), polymerase (POL), and
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phosphoesterase (PE). The POL and PE domains com-
prise a suite of DNA end-healing activities that are pro-
posed to remodel the 3’ terminus of the DSB prior to
sealing by the LIG component. The POL domain is a
minimized member of the archaeal-eukaryal primase-
polymerase family that is especially adept at adding a
short tract of ribonucleotides to a DNA primer-template
and at adding a single nontemplated ribonucleotide at a
blunt DNA end (Della et al. 2004; Gong et al. 2005; Zhu
and Shuman 2005a; Yakovleva and Shuman 2006; Zhu et
al. 2006; Pitcher et al. 2007c). The PE domain, which
removes 3’ phosphates and 3’ ribonucleotides from
primer-templates, exemplifies a new family of 3’ pro-
cessing enzymes with a distinctive substrate specificity
and active site (Zhu and Shuman 2005b, 2006; Zhu et al.
2005).

Direct evidence that bacteria can catalyze DSB repair
via NHEJ and initial insights to the NHE] mechanism
emerged from studies of the repair of linear plasmid
DNAs transfected into Mycobacterium smegmatis
(Gong et al. 2005). The plasmid substrate contained a
mycobacterial replication origin, a kanamycin resistance
gene, and a lacZ gene encoding B-galactosidase. Diges-
tion of the plasmid with a restriction endonuclease that
cuts just once within the lacZ gene yields a linear DNA
with defined blunt or 5’ overhang ends. For the trans-
fected linear DNA to transform the recipient Mycobac-
terium to kanamycin resistance, the ends of the plasmid
must be joined to form a replication-competent circular
DNA. Because the mycobacterial genome has no DNA
sequences homologous to the plasmid DNA flanking the
DSB, there is no option to effect DSB repair via the HR
pathway. This is a critical feature that makes the assay
readout specifically a measure of NHE]. The remarkable
finding about mycobacterial NHE] was that ~50% of the
kan® transformants derived from initially blunt or 5’
overhang DSBs had white colony color on medium con-
taining X-gal, indicating that the lacZ gene had been
mutationally inactivated during the repair process (Gong
et al. 2005). The efficiency of plasmid NHEJ at blunt or 5
overhang ends was reduced drastically in M. smegmatis
AligD or Aku strains (Gong et al. 2005). Analysis of the
molecular outcomes of unfaithful NHE]J in vivo in wild-
type M. smegmatis highlighted the prevalence of tem-
plated insertions at 5’ overhang DSBs and of nontem-
plated single nucleotide insertions at blunt DSBs, impli-
cating LigD POL as the catalyst of mutagenic insertions
(Gong et al. 2005; Zhu et al. 2006). A substantial fraction
of unfaithful NHE] events in vivo at blunt or 5’ overhang
DSBs involved deletions at one end, presumably as a con-
sequence of exonucleolytic degradation prior to ligation.

It has been proposed that bacterial Ku and LigD to-
gether comprise a two-component NHE] “machine” pos-
sessed of all the activities required for DSB repair (Della
et al. 2004). This model is appealing for its simplicity and
is supported by studies documenting DSB repair activity
in vivo when mycobacterial Ku and LigD were expressed
in heterologous species (Della et al. 2004; Malyarchuk et
al. 2007). A caveat to assaying NHEJ activity in a heter-
ologous genetic background is that the outcomes might

Mechanism of bacterial NHE]

not accurately reflect the mechanism of NHE] in the
naturally NHEJ-proficient bacterium. For example,
Malyarchuk et al. (2007) reported that the repair of a
linear plasmid with a 3’ overhang DSB in Escherichia
coli cells depended on coexpression of mycobacterial Ku
and LigD, was predominantly unfaithful, and in virtually
all events entailed heterogeneous deletions at the repair
junctions. However, as we will show presently, the re-
pair of 3’ overhang DSBs by NHE] in a mycobacterial cell
obeys entirely different rules and elicits dramatically dif-
ferent outcomes. The repair of 5’ overhang DSBs in E.
coli expressing mycobacterial Ku and LigD was also re-
ported to be predominantly unfaithful and entailed dele-
tions at all of the repair junctions analyzed (Malyarchuk
et al. 2007). This result contrasts starkly with the native
mycobacterial pathway of 5’ overhang NHE], which is
skewed toward insertional frameshift mutations caused
by polymerase fill-in of the 5’ overhangs (Gong et al.
2005). Such discrepancies underscore the importance of
studying bacterial NHE] in the native context.

Furthermore, it is not clear that Ku and LigD are the
only constituents of the NHE] pathway in bacterial spe-
cies that are naturally NHE]J-competent. The two-com-
ponent model is potentially belied by several factors, in-
cluding (1) the variability and complexity of the DNA
ligase menu in different bacteria taxa, which raises is-
sues of division of labor and functional overlap; (2) the
occurrence in vivo of deletional NHE] events that are not
immediately accounted for by the activities of LigD or
Ku; and (3) the as yet untested prospect that different
types of breaks are handled differently by the bacterial
NHE] system(s).

M. tuberculosis and M. smegmatis have four and five
DNA ligases, respectively, including a NAD"*-dependent
ligase (LigA) plus three different ATP-dependent ligases:
LigB, LigC, and LigD (Fig. 1A; Gong et al. 2004, 2005). M.
smegmatis has two LigC paralogs (C1 and C2) encoded
by adjacent chromosomal genes. Whereas LigA is essen-
tial for mycobacterial survival (Korycka-Machala et al.
2007), the genes encoding LigB, LigC, and LigD can be
deleted, singly or in pairs, with no apparent effect on cell
growth under laboratory conditions (Gong et al. 2005).
As noted above, there is ample evidence that LigD is
dedicated to NHE]. Several lines of evidence also point to
an NHEJ function for LigC. Genetic studies implicate
mycobacterial LigC in a minor Ku-dependent NHE]
pathway operating on blunt DSBs that was revealed
when the ligD gene was deleted (Gong et al. 2005). Bio-
chemical studies show that Ku stimulates the repair of
DSBs in vitro by LigC (Zhu and Shuman 2007).

Here we exploit an improved plasmid-based NHE] as-
say and a large collection of M. smegmatis mutant
strains to gauge how LigD’s activities and structural do-
mains influence the repair of blunt, 5’ overhang, and 3’
overhang DSBs in vivo. We thereby defined a new Ku-
and LigD-independent NHE] pathway specific to 3’ over-
hang DSBs that is nonmutagenic and persists in the ab-
sence of LigB and LigC. We infer a role for LigA in Ku-
independent 3’ overhang NHE]. We report that repair of
blunt and 5’ overhang DSBs requires Ku and the LigD
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Figure 1. Mycobacterial ligases and new NHE] reporter plasmids. (A) The mycobacterial LigA, LigB, LigC, and LigD polypeptides are
depicted in cartoon form with the N termini on the left and the C termini on the right. Each enzyme has a core ligase catalytic domain
(LIG) composed of a nucleotidyl transferase module and an OB-fold module. Flanking domains of known structure or function are
shown. In LigA enzymes, the LIG domain is fused to an N-terminal domain (Ia) and three carboxyl domains: a tetracysteine Zn-finger,
a helix-hairpin-helix (HhH) domain, and a BRCT domain. Domain Ia is unique to NAD*-dependent ligases and are required for the
reaction of LigA with NAD" to form the ligase-adenylate intermediate. LigB consists of a C-terminal LIG domain fused to an
N-terminal DNA-binding domain (DBD). LigD and LigC are the NHE] ligases of bacteria. LigC consists only of the catalytic core. LigD
is a multifunctional repair protein that has N-terminal polymerase (POL) and central phosphoesterase (PE) catalytic modules fused to
the C-terminal LIG domain. (B, C) Maps of the new NHE] reporter plasmids, which contain a mycobacterial origin of replication (oriM),
an E. coli origin of replication (oriE), a kanamycin resistance gene (kan®), and a lacZ gene interrupted by insertion of foreign DNA
sequences between restriction sites for EcoRV (B) or the isoschizomers Asp7181/Kpnl (C). To prepare the substrate for blunt-end NHE],
the plasmid in B was digested with EcoRV and Xbal (which cuts uniquely within the foreign insert), and the linear EcoRV plasmid
fragment was gel-purified. To prepare the substrates for 5’ overhang and 3’ overhang NHE]J, the plasmid in C was digested with either
Asp7181 (5’ overhang) or Kpnl (3’ overhang) plus Psil (which cuts uniquely in the foreign insert), and the linear plasmid fragment was

gel-purified.

POL domain, but not LigD polymerase catalytic activity,
although the polymerase activity is a major determinant
of NHE] infidelity. Phosphoesterase-inactivating LigD
mutations had little impact on the prevalence of deletions
versus insertions at blunt or 5’ overhang breaks, thus
vitiating the hypothesis (Malyarchuk et al. 2007) that
LigD is the catalyst of deletion formation in vivo. The
strand sealing activity for blunt and 5’ overhang NHE] is
provided by one of the other ATP-dependent ligases (pre-
sumably LigC) when the LigD LIG domain is inactivated
or deleted. NHE] catalyzed by the backup ligase is ex-
tremely mutagenic. Our results underscore the complex-
ity and nuances of the mycobacterial NHE] system.

Results

Improved plasmid-based assay for mycobacterial
NHE]

The reporter plasmid used previously to assay mycobac-
terial NHE]J (Gong et al. 2005) was modified to allow
more accurate determinations of repair fidelity in NHE]J-
defective strains. Formerly, the reporter plasmid con-
tained a functional lacZ gene and was linearized by di-
gestion with a restriction endonuclease at a single site
within lacZ. The linear DNA was electroporated into
mycobacteria and the cells were screened simulta-
neously for acquisition of antibiotic resistance and lacZ
expression by plating on agar plates containing kanamy-
cin and X-gal. A caveat to using the original reporter
construct is that any residual uncut circular plasmid
DNA will, upon electroporation to M. smegmatis, yield
blue kanamycin-resistant colonies on X-gal plates that
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are indistinguishable from the lacZ* colonies arising
from bacteria that repaired the transfected linear plasmid
via faithful NHE]. Whereas the blue colony background
from uncut plasmids is typically low and does not affect
the assay results in NHE]-proficient M. smegmatis
strains, we found that it is a confounding factor when
studying repair fidelity in Aku and AligD strains, in
which NHE]J efficiency is very weak.

To avoid this problem, we inserted foreign DNA frag-
ments into the EcoRV or Asp7181/Kpnl sites, thereby
inactivating the lacZ gene (Fig. 1B,C). To prepare the
linear NHE] substrate, the new plasmids were digested
with EcoRV or Asp7181 (or its isoschizomer Kpnl) to
excise the foreign insert, and then digested with a second
restriction endonuclease that cuts within the foreign in-
sert. The linear plasmids were gel-purified prior to use in
NHE]J assays. In the modified regime, the only way that
a blue kan® colony can arise is by faithful NHE]. Al-
though a white colony could, in principle, be generated
by residual uncut circular plasmid, in practice we recov-
ered the original vector only three times in a collection
of 664 individual white kan® colonies for which the
structures of the repair junctions were determined. The
assay improvement was instantly apparent from a com-
parison of the relative efficiency and absolute fidelity of
blunt end NHEJ in wild-type M. smegmatis versus the
Aku mutant (Fig. 2). Loss of Ku reduced blunt NHE] ef-
ficiency by a factor of 500, in agreement with prior re-
sults (Gong et al. 2005). The key finding was that <1% of
the blunt NHEJ events in the Aku strain were faithful,
compared with 57% fidelity in wild-type mycobacteria.
Previously, using the original reporter assay, we noted
that 100% of the kan® Aku colonies in the blunt NHE]



Mechanism of bacterial NHE]

Blunt Ends 5' Overhangs 3' Overhangs
genotype . . i i g : L
Efficiency (%) Fidelity (%) Efficiency (%) Fidelity (%) Efficiency (%) Fidelity (%)

WT 100 57 100 43 100 97
Aku 0.19 0.70 0.20 51 24 100
AligD 0.31 23 0.79 62 27 100
AigB/C/D 0.22 0.59 0.12 61 26 100
ligD-(D136A-D138A) 29 93 110 81 110 100
ligD-(APOL) 0.61 5.8 46 85 32 100
ligD-(K484A) 37 0.51 27 5.1 52 97
ligD-(E533A) 13 0.42 ili] 8.6 44 98
ligD-(ALIG) 12 0.58 16 22 42 99
ligD* AligB/C 160 66 76 29 190 98
ligD-(K484A) AligB/C 0.36 0 0.12 52 23 100
ligD-(E533A) AligB/C 0.39 0 0.12 59 19 100
ligD-(E310A) 98 55 100 44 91 97
ligD-(H336A) 87 65 77 45 60 929
ArecBCD 96 51 140 35 130 95

Figure 2. NHE]J efficiency and fidelity in wild-type and mutant M. smegmatis strains. Genotypes are indicated in the left column.
NHE]J efficiencies for repair of transfected linear plasmids with blunt, 5’ overhang, and 3’ overhang DSBs in the M. smegmatis mutants
were normalized to the wild-type values (100%). NHE] fidelity is the fraction (percentage) of kan® transformants that were lacZ*. The
fidelity values for wild-type M. smegmatis for repair of blunt, 5’ overhang, and 3’ overhang ends were calculated from counts of 41238,
2259, and 2626 kan® colonies, respectively. The fidelity values in the Aku mutant for blunt, 5’ overhang, and 3’ overhang NHE] were
calculated from counts of 143, 79, and 2169 kan® colonies. The fidelity values in the AligD strain for blunt, 5’ overhang, and 3’
overhang NHE] were calculated from counts of 523, 1539, and 4953 kan® colonies. The fidelity values in the AligB/C/D strain for
blunt, 5’ overhang, and 3’ overhang NHEJ were calculated from counts of 169, 126, and 1613 kan® colonies.

experiment were blue (Gong et al. 2005). In light of the
new results, we conclude that the exclusively blue Aku
colonies recovered in the prior experiment resulted
mainly from uptake of intact circular plasmid, not
NHE]J.

Outcome of NHE]J depends on the structure of the
DSB ends

The influence of DSB end configuration on NHE] fidelity
in wild-type mycobacteria was profound. Whereas the
repair of linear plasmid DNA with blunt ends or comple-
mentary 5’ overhangs ends was highly mutagenic (57%
and 43% fidelity, respectively), the repair of 3’ overhang
DSBs was remarkably error-free, correctly restoring the
lacZ ORF in 97% of the kan® transformants (Fig. 2). The
faithful outcome of 3’ overhang NHE]J cannot be ascribed
to a particular “sticky” overhang sequence, or to a posi-
tional effect within the lacZ reporter gene, insofar as the
unfaithfully repaired 5’ overhang DSBs have an identical
sticky-end sequence and are located at the same site in
the plasmid as the 3’ overhang DSBs, because these DSBs
are generated by incision with the isoschizomers
Asp7181 (5’ overhang) and Kpnl (3’ overhang), respec-
tively (Fig. 1C).

To gain further insight to whether the mutagenic
NHE] mechanism differs according to DSB end configu-
ration, we determined the junction sequences of the re-
paired blunt, 5’ overhang, and 3’ overhang reporter plas-

mids derived from at least 20 independent lacZ~ kan®
transformants of wild-type M. smegmatis. The indi-
vidual NHE]J outcomes at blunt and 5’ overhang ends are
shown in Figure 3 and categorized in Figure 4. The re-
sults agree with previous data (Gong et al. 2005) and are
summarized as follows: The predominant mechanisms
of blunt NHE] entailed either (1) the insertion of a single
nontemplated nucleotide at the otherwise unperturbed
DSB ends, thereby creating a +1 frameshift mutation
(eight of 21 events), or (2) a unidirectional deletion en-
tailing resection of a variably sized tract from one end
followed by ligation to the other intact blunt DSB (nine
of 21 events). Various other permutations, involving
nontemplated single nucleotide addition at one intact
end and unidirectional deletion at the other end (n = 3) or
a bidirectional deletion (1 = 1), were also noted (Fig. 3A).
In sum, 11 of 21 unfaithful blunt DSB repairs involved
nucleotide addition and 13 involved a deletion. A strik-
ing aspect of the deletional repairs is that none appeared
to exploit a microhomology at the junction to assist end
joining. The single most prevalent outcome of 5’ over-
hang NHEJ in wild-type mycobacteria involved tem-
plated addition of 4 nucleotides (nt) at both single-
stranded tails to form a blunt DSB that was then sealed
to create a +4 frameshift (six of 22 events) (Fig. 3B). One
junction was completely filled in and then received a
nontemplated single nucleotide addition prior to sealing
(+5 frameshift) (shown in Fig. 3B with the nontemplated
junction nucleotide colored magenta). Seven of 22 repair
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A Blunt Ends (EcoRV cut)

GATGGTGCAGGAT ATCCTGCTGATGA
CTACCACGTCCTA TAGGACGACTACT

Insertions (+1 frameshift)

GATGGTGCAGGATAATCCTGCTGATGA n=3
CTACCACGTCCTATTAGGACGACTACT
GATGGTGCAGGATTATCCTGCTGATGA n=
CTACCACGTCCTAATAGGACGACTACT
GATGGTGCAGGATCATCCTGCTGATGA n=2
CTACCACGTCCTACTAGGACGACTACT
GATGGTGCAGGATCATCCTGCTGATGA
CTACCACGTCCTAGTAGGACGACTACT
Insertions with unidirectional deletions
GATGGTGCAGGATT /A205 TGCAGCGCGATC
CTACCACGTCCTA ACGTCGCGCTAG
GATGGTGCAGGATC /[A269 CGCTAATCACGA
CTACCACGTCCTA GCGATTAGTGCT
GATGGTGCAGGATC /A2180 AACGGTCTGCGT

CTACCACGTCCTA TTGCCAGACGCA

Deletions

ATGGTGCAGGA Al/ ATCCTGCTGATG
TACCACGTCCT TAGGACGACTAC
ATGGTGCAGGAT /A30 GCCGTGCGCTGT
TACCACGTCCTA CGGCACGCGACA
ATGGTGCAGGAT /A131 CATGGTGCCAAT
TACCACGTCCTA GTACCACGGTTA
TACTGGAGGCTG A398/ ATCCTGCTGATG
ATGACCTCCGAC TAGGACGACTAC
ACCCGAARACTGT A224/ ATCCTGCTGATG
TGGGCTTTGACA TAGGACGACTAC
CATTTAATGTTG A737/ ATCCTGCTGATG
GTAAATTACAAC TAGGACGACTAC
ATGGTGCAGGAT /A356 GGCCACCGATAT
TACCACGTCCTA CCGGTGGCTATA
ATGGTGCAGGAT /A2272 GCGTAATGCTCT
TACCACGTCCTA CGCATTACGAGA
ATGGTGCAGGAT /A1628 GGATCTGCCATT
TACCACGTCCTA CCTAGACGGTAA
AGTTGCGTGACT A368/A208 AGCGCGATCGTA
TCAACGCACTGA TCGCGCTAGCAT

B 5 overhangs (Asp7181 cut)
GAATCTGCATG GTACCAAGCTTGCTC
CTTAGACGTACCATG GTTCGAACGAG

Insertions (fill-in)

GAATCTGCATG AGTACCAAGCTTGCTC
CTTAGACGTACCATGT GTTCGAACGAG

GAATCTGCATG
CTTAGACGTACCATG

GTACCAAGCTTGCTC n=6
GTTCGAACGAG

GAATCTGCATG!
CTTAGACGTACCAT

TACCAAGCTTGCTC
sGTTCGAACGAG

GAATCTGCATG ACCAAGCTTGCTC n=2
CTTAGACGTACCATGTGGTTCGAACGAG

GAATCTGCATGGTGTACCAAGCTTGCTC n=
CTTAGACGTACCA GTTCGAACGAG

Bidirectional deletion
AACTGTAGGCCT A141/A395 CAGGAAGGCCAG
TTGACATCCGGA GTCCTTCCGGTC

Fill-ins plus unidirectional deletions

TCTGCATG /A885 CGAAACTGTGGA
AGACGTACCATG GCTTTGACACCT
ATCTGCATG /A5 CTTGCTCCCGTC
TAGACGTACCAT GAACGAGGGCAG
TCTGCATC /A93  CCAGCTGGCGTA
AGACGTACCATG GGTCGACCGCAT
CGTTCACCGCGT A58/ GTACCAAGCTTG
GCAAGTGGCGCA GTTCGAAC
TAGATAACTACG A745/ GTACCAAGCTTG
ATCTATTGATGC GTTCGAAC
GGGACCCTAGAG A235/ GTACCAAGCTTG
CCCTGGGATCTC GTTCGAAC
CGTCTCCAAGCC All7/ GTACCAAGCTTG
GCAGAGGTTCGG GTTCGAAC

Figure 3. Outcomes of unfaithful blunt and 5’ overhang DSB repair in wild-type M. smegmatis. The nucleotide sequences of NHE]
junctions from independent lacZ~ kan® colonies that had been transformed with EcoRV-cut (A) or Asp7181-cut (B) linear plasmid
DNAs are shown. The two halves of the original restriction sites are shown in blue and red. Inserted nucleotides are colored green (or
magenta in B when a nontemplated nucleotide is added after a 5’ overhang fill-in). Deletions are denoted by A next to the number of
nucleotides resected from either end. The number of times (n) that the identical junction sequences were recovered from independent

transformants is indicated at right, when applicable.

events entailed partial fill-in of the 5’ overhangs to gen-
erate +2 frameshifts. Another subset of junctions was
formed by templated fill-in at one 5’ overhang end and
unidirectional deletion of the other end (n = 7). Only one
event involved bidirectional deletion. In sum, 21 of 22 of
the 5’ overhang DSB repairs involved templated nucleo-
tide addition, and eight of 22 involved a deletion. None
of the deletions had a microhomology at the junction.
In contrast, the analysis of unfaithful NHE] at comple-
mentary 3’ overhang DSBs (a scenario not studied previ-
ously in mycobacteria) implied an entirely different
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mode of mutagenic repair that was dominated by dele-
tion formation (Fig. 5). Nine of 20 repairs entailed uni-
directional deletion (with retention of some or all of the
original Kpnl site nucleotides at the other end), and nine
of 20 events involved bidirectional deletions. Only 10%
of the junctions (two of 20) had a nucleotide insertion. In
one case, a single nucleotide was added at a partially
trimmed Kpnl 3’ overhang; in the second case, a single
nontemplated nucleotide was added in the context of a
bidirectional deletion. Four of the mutagenic 3’ overhang
repairs involved insertion of a DNA segment that, in
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Blunt ends 5' overhangs 3' overhangs
genotype
N ADD DEL MH | N ADD DEL MH| N ADD DEL MH
WT 21 11 13 0| 22 21 8 0| 20 2 19 5
Aku 20 0 20 16 | 20 3 19 14
AligD 21 0 21 12 21 4 19 8
AligB/C/D 23 0 23 20| 20 4 18 14
ligD-(D136A-D138A) 20 0 20 5 (21 19 15 6
ligD-(APOL) 23 1 22 13 21 11 21 r4
ligD-(K484A) 23 9 17 1] 22 2 22 3
ligD-(E533A) 24 4 21 0 21 9 21 4
ligD-(ALIG) 23 4 20 41 20 3 20 4
ligD* NligB/C 23 9 17 2 21 17 10 3
ligD-(K484A) AligB/C 22 0 22 17 | 22 9 19 9
ligD-(E533A) AligB/C 21 0 21 19| 20 5 17 14
ligD-(E310A) 24 10 16 2| 20 17 13 1
ligD-(H336A) 21 5 16 1] 23 22 7 1
ArecBCD 18 9 11 1] 20 17 11 2

Figure 4. Summary of unfaithful NHE]J events. M. smegmatis genotypes are indicated in the left column. The total number (N) of
unfaithfully repaired junctions that were sequenced for each strain and DSB end configuration is specified, along with the number of
repair events that entailed nucleotide additions (ADD) or deletions (DEL) at the repair junctions. The incidence of ligation at micro-
homologies (defined as two or more positions of nucleotide identity flanking the junction) is reported for each data set.

three of four cases, derived from a distant site in the
reporter plasmid (Fig. 5).

In addition to the strong bias toward deletions, the
mutagenic 3’ overhang NHE] mechanism differed from
the blunt and 5' overhang repair pathways in its more
frequent use of =2-nt microhomologies at the deletion
junctions (five of 20). An exemplary junction, depicted in
the box in Figure 5, shows that the microhomology
leaves a 1-nt gap between the recessed 5’ end (5-CAA) of
an intact Kpnl 3’ overhang and the complementary 3’
microhomology tail (GTA-3’) of other DSB end that in-
curred a deletion. Because the NHE] junction (top strand
sequence 5'-GTACCAA-3’) has a C residue inserted be-
tween the microhomology tail and the original Kpnl end,
the implication is that the DSB was repaired by cross-
break priming of templated gap filling by a DNA poly-
merase prior to sealing the top strand.

Reliance of NHE] on Ku and LigD depends
on the structure of the DSB ends

The efficiency of blunt NHE] was reduced by factors of
500 and 300 in M. smegmatis Aku and AligD strains,
respectively, and the residual blunt DSB repair events
observed in these strains were overwhelmingly muta-
genic (0.7 and 2.3% fidelity in Aku and AligD, respec-
tively) (Fig. 2). Sequence analysis of 20 junctions recov-
ered from lacZ~ kan® Aku transformants revealed a very
different spectrum of outcomes compared with wild-
type mycobacteria, insofar as every repair event entailed
a deletion and not a single nucleotide insertion event
was detected (Fig. 6A). Thus, we conclude that faithful
blunt end joining is Ku-dependent in vivo, as is the ad-

dition of nontemplated nucleotides to blunt ends prior to
ligation. The majority (17 of 20; 85%) of the deletional
repair events in the Aku strain were bidirectional. The
deletions ranged in size from 2 to 2125 nt and were no-
table for the high incidence of microhomologies at the
junctions (16 of 20 events), 12 of which were formed at
sites consisting of between four and nine identical
nucleotides (Fig. 6A). Thus, Ku specifically promotes mi-
crohomology-independent ligation of blunt DSBs. Simi-
lar findings pertained to the residual blunt NHE]J junc-
tions in the AligD strain (Fig. 4; Supplemental Fig. S1),
which were exclusively deletional (21 of 21 cases), pre-
dominantly bidirectional (18 of 21), and conspicuously
reliant on microhomologies (12 of 21 junctions), most of
which consisted of between four and 10 identical nucleo-
tides (Supplemental Fig. S1).

5" overhang NHE] efficiency was diminished by fac-
tors of 500 and 100 in Aku and AligD strains, respec-
tively, compared with wild-type mycobacteria (Fig. 2).
Yet, unlike blunt NHE], the fidelity of the residual 5’
overhang events (51% in Aku and 62% in AligD) was
only marginally different from the 43% repair fidelity
seen in wild-type cells (Fig. 2). Junction sequencing re-
vealed a shift in unfaithful NHE] outcomes in the ab-
sence of Ku, whereby templated nucleotide additions oc-
curred in only 10% of events (two of 20), compared with
95% in wild-type M. smegmatis (Figs. 4, 6B). The vast
majority (19 of 20) of Ku-independent 5’ overhang repairs
entailed deletions, most of which were bidirectional
(n =17), and many of which exploited microhomologies
at the junctions (n = 14) ranging in size from three to 10
identical nucleotides (Fig. 6B). Residual unfaithful 5’
overhang NHE] in the AligD strain was similarly biased
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3’ overhangs (Kpnl cut)

GAATCTGCATGGTAC CAAGCTTGCTC
CTTAGACGTAC CATGGTTCGAACGAG
Deletions

TGGGCCCGCGGA Al64/ CAAGCTTGCT ‘/
ACCCGGGCGCC TGGTTCGAACGA
TGAGTGCTTCCA  A1885/ CAAGCTTGCT /
ACTCACGAAGG TGGTTCGAACGA
AGCATAAAGCTA A183/ CAAGCTTGCT /
TCGTATTICG ATGGTTCGAACGA
CTARCCCGCGTIA A78/ CAAGCTTG ‘/
GATTGGGCG CATGGTTCGAAC
TCTGCATGGTAC /A272 GATGCGCCC ‘/
AGACGTAC ATGCTACGCGGG
TCTGCATGGTAC  /A2898 CAGCCATCGCC ‘/
AGACGTAC GGTCGGTAGCGG
AATCTGCATGGT /A3084 GCCCGTATTTC /
TTAGACGTAC ACGGGCATAAAG
AGCCCACCCCGG A105/A130 TCCCAACAGTTG
TCGGGTGGGGCC AGGGTTGTCAAC
GCACCTATCTCA A809/A23 AACGTCGTGACT
CGTGGATAGAGT TTGCAGCACTGA
GTACTGGGCCC A172/A339 GAATCCGACGGG
CATGACCCGGGC TTAGGCTGCCC
CCCCGGGCCACT A99/A266 ACGGTTACGATG
GGGGCCCGGTGA TGCCAATGCTAC

AGTACTGGGCCC A168/A619 CCGTGACGTCTC
TCATGACCCGGG GGCACTGCAGAG

AGCTAGTACTGG A179/A595 CGGATGAGC
TCGATCATG ACCGCCTACTCG
CGCGGATCCAGC A164/A202 TGGCTGGAG
GCGCCTAGG TCGACCGACCTC
AATCTGCATGGT Al CAAGCTTGCTC
TTAGACGTAC GGTTCGAACGAG
TGAGGCACCTATG A813/A312 GGTCAATCCGCC
ACTCCGTGGATA CCAGTTAGGCGG

TAGTTTGCGCA A544/insert/A2324 CGCTGCGCGATC
ATCAAACGCGT GCGACGCGCTAG
Inserted sequence: pmsg288 5724-5816
GGCGTCAGCAGTTGTTTTTTATCGCCAATCCACATCTGTGAAAGAA
AGCCTGACTGGCGGTTAAATTGCCAACGCTTATTACCCAGCTCGAT
G

TCTGCATGGTAC insert CAAGCTTG
AGACGTAC CATGGTTCGAAC
Inserted sequence: pMsg288 3450-3487

CGATATTTGTCAATATTGATGTATGTCGAATCTGCATG

ACTCATGGTTAT CAAGCTTG
TGAGTACCAATA CATGGTTCGAAC
Inserted sequence: pMsg288 3483-3528
CCAGTCACGACGTTGTAAAACGACGGGAGCAAGCTTGGTACCAAGC
TTG

A54/insert

TCTGCATGGTAC CTCAGCAAAAGT
AGACGTAC GAGTCGTTTTCA
Inserted sequence: GTCACGCGGGTGCTGGTG

insert/A3337

Figure 5. Outcomes of unfaithful 3’ overhang DSB repair in wild-type M. smegmatis. The nucleotide sequences of NHE] junctions
from 20 independent IacZ~ kan® colonies that had been transformed with Kpnl-cut linear plasmid DNA are shown. The two halves
of the original Kpnl restriction site are shown in blue and red. Deletions are denoted by A next to the number of nucleotides resected
from either end. Inserted nucleotides are colored green. Microhomologies at the junctions are underlined and depicted as resulting from
nucleolytic resection and exposure of complementary 3’ extensions, which can anneal to the 3’ single-stranded tail of one of the
original Kpnl-cut ends. Four of the junctions had sequences inserted between the sealed plasmid ends; three of these sequences
correspond to distant sites in the pMSG288-based plasmid. These inserted sequences (and their numerical coordinates in the plasmid)
are indicated below the junctions. The junction highlighted in the box exemplifies a likely instance of cross-break templated nucleo-
tide addition to a 3’ single-stranded tail to fill-in a gap prior to strand sealing. Other likely instances of cross-break fill-in are indicated

by check marks.

against nucleotide additions (four of 21 events) and in
favor of deletions (19 of 21 cases), with most being bidi-
rectional (n = 17) and many relying on microhomologies
(n = 8) in the range of two to 10 identical nucleotides
(Supplemental Fig. S1). Thus, LigD, like Ku, drives mi-
crohomology-independent sealing in vivo.

These drastic effects of ablating Ku and LigD on blunt
and 5’ overhang NHE]J contrast with the more modest
contributions of Ku and LigD to 3’ overhang NHE]. The
3’ overhang DSBs were repaired in Aku and AligD strains
at 24%-27% of wild-type efficiency (Fig. 2). Moreover,
all of the kan® Aku and AligD transformants were lacZ*
(Fig. 2). These results herald the discovery of a novel
Ku/LigD-independent pathway of DSB repair that is spe-
cific for 3’ overhangs and operates with 100% fidelity.
Because the absolute efficiency of repair of 3’ overhang
plasmid DSBs was approximately sevenfold greater than
that of blunt plasmid DSBs in wild-type M. smegmatis
(7.2% versus 1%) (see Materials and Methods), we can
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surmise that the Ku-independent NHE] pathway for 3’
overhang NHE]J is at least as active in vivo as the Ku-
dependent mechanism operative on blunt and sticky 5’
overhang ends.

Analysis of NHE] in a AligB/C/D strain implicates
LigA in faithful 3' overhang repair

Previous findings that the M. smegmatis ligB, ligC1/C2,
and ligD chromosomal loci could be deleted singly, or in
pairs, with no apparent effect on cell growth (Gong et al.
2005) left open the possibility that the mycobacterial
ATP-dependent ligases do perform an essential task in
vivo, but that any one of them is capable of doing so. To
address this issue, we constructed a triple-knockout
strain in which the IligB, ligC1/C2, and ligD loci were
deleted en masse. The resulting AligB/C/D strain was
viable and grew as well as the wild-type Mycobacterium
under laboratory conditions (data not shown). Thus,



Blunt Ends (EcoRV cut)

Mechanism of bacterial NHE]

5° overhangs {Asp7181 cut)

GATGGTGCAGGAT ATCCTGCTGATGA GAATCTGCATG GTACCAAGCTTGCTC
CTACCACGTCCTA TAGGACGACTACT CTTAGACGTACCATG GTTCGAACGAG
Bidirectional deletions Bidirectional deletion:
AACTGTGGA A221/A464 GCGCCCGCTGATCC CAACGATCAAGG A454/A253 CTCAAACTGGCAG
TTGACACCTCGCGG GCGACTAGG GTTGCTAGTTCCG AGTTTGACCGTC
AGCATCAT A45/A879  CCTCTGGATGTCGC AAGCTAGTACT A174/A1582 GCGCCCGCTGATC
TCGTAGTAGGAGAC CTACAGCG TTCGATCATGAC GCGGGCGACTAG
AAGCCGT A80/A4 TGCTGATGARGCAG AGTACTGGGCC A169/A282 CGCCCATCTACAC
TTCGGCAACGACTA CTTCGTC TCATGACCCGGGCG GGTAGATGTG
AGACG A12/A201  ATGGTGCAGCGCGA CGAA A8/A1075 TCTGCATGGTCAG
TCTGCTACCACGTC GCGCT GCTTAGACGTACCA GTC
GGGTGCGTCTCC  A1240/A122 AACCCACGGCATGG ATCAGTGA A818/A184 GGCACCAGAAGCE
CCCACGCAGAGGIT GGGTGCCGTACC TAGTCACTCCGTGG TCTTCGC
AGACG A12/A201 ATGGTGCAGCGCGA TCCGCCCCC A1578/A717 CTGAAGTTCAGAT
TCTGCIACCACGTC GCGCT AGGCGGGGGGEACT TCAAGTCTA
TCAGC A417/A281 CGCGCTGTATCGCT CAGCARA A1636/A399 AAGGCCAGACGCG
AGTCGGCGCGACAT AGCGA GTCGTTTTCCGETC TGCGC
CCGGGAAGCT A1692/A2125 AGAGCTTTGTTGTA CGCAGAAGTGG A626/A181 TCCGGCACCAGAA
GGCCCTTCGATCTC GAAACAACAT GCGTCTTCACCAGG CCGTGGTCTT
TTGCGGAC A1162/A1377 CTGATTACGACCGC CGAATCT A5/A2111 GCATGGTCAGAAG
AACGCCTGGACTAA TGCTGGCG GCTTAGACGTACCA GTCTTC
GATGGTGCAGG A2 ATCCTGCTGATGA _o CAGGCATCG A513/A552 TGGTGCTGCGCTG
CTACCACGTCCIA GGACGACTACT GTCCGTAGCACCAC GACGCGAC
GACGCTCAGTGG A2085/A476 CCTTTGCGAATA TAATTGGGGA A243/A251 CCCTCARACTGGC
CTGCGAGTCACC GGAAACGCTTAT ATTAACCCCTGGGA GTTTGACCG
cTeeTe A99/A3 CTGCTGATGAAGC AGGGATTT A942/A2575 TGETCAAATGGCE
GACGACGACGACT ACTTCG TCCCTAAAACCAGT TTACCGC
ACGGCAC A163/A5 GCTGATGAAGCAG GCAARAGGCCAG A1628/insert/A476 GGCCAGGACAGT
TGCCGTGCGACTA CTTCGTC CGTTTTCCGGTC CCGGTCCTGTCA
Inserted sequence: CAAAA
TTTCAGCCG A415/A244 CGCTGGGGAATGA
AAAGTCGGCECEAC CCCTTACT CAGCTCCEGETTC A467/A3  CCAAGCTTGCTCCCGT n-p
GTCGAGGCCAAGGGTT CGAACGAGGGCA
TGAATG A959/A197 GCGAATGGTGCAG
ACTTACCGCTTACC ACGTC GTCGAA A2/A1075 TCTGCATGETCAGGTC
CAGCTTAGACGTACCA GTCCAG
Unidirectional deletions coceeceea CGTTGCGCGETT A1948/A1662 GTCAGTATCCCC
GATGGTGCAGGAT /A333  GAA GCAACGCGCCAA CAGTCATAGGGE
CTACCACGTCCTA CTTCCGCCGCCT
CACGCTGATTGA Al54/ ATCCTGCTGATGA Insertion (fill-in)
GTGCGACTAACT TAGGACGACTACT GAATCTGCATGCTGTACCAAGCTTGCTC
CTTAGACGTACCA 'GGTTCGAACGAG
TATTTTAAAAAT Al1330/ ATCCTGCTGATGA
ATRARATTTTTA TAGGACGACTACT Insertion (fill-in) with unidirectional deletion
TTGTCAATATTG A20/ GTACCAAGCTTGC
AACAGTTATAAC 'GTTCGAACG

Unidirectional deletion

CGAATCTGCATG
GCTTAGACGTACCATG

/A1186 GTACACGCTGTGCGA
TGCGACACGCT

Figure 6. Outcomes of unfaithful blunt and 5’ overhang DSB repair in Aku cells. The nucleotide sequences of NHE] junctions from
independent lacZ~ kan® colonies that had been transformed with EcoRV-cut (A} or Asp7181-cut (B) linear plasmid DNAs are shown.
The two halves of the original restriction sites are shown in blue and red. Deletions are denoted by A next to the number of nucleotides
resected from either end. Inserted nucleotides are colored green. Microhomologies at the junctions are underlined and depicted as
resulting from nucleolytic resection and exposure of complementary 5’ extensions. The number of times (n) that the identical junction
sequences were recovered from independent transformants is indicated at right, when applicable.

LigA is the only essential DNA ligase in the M. smeg-
matis proteome.

Analysis of NHE] in AligB/C/D cells revealed that the
triple-knockout phenocopied Aku and AligD with re-

spect to the severe decrements in NHE] efficiency at
blunt and 5’ overhang DSBs, the fidelities of the residual
NHE] events, and the molecular outcomes at the un-
faithfully repaired junctions (Figs. 2, 4). Sequence analy-
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sis of the mutagenic blunt DSB repair events in AligB/
C/D cells (Supplemental Fig. S2A) showed that (1) the
junctions were devoid of insertions (zero of 23), (2) all of
the deletions were bidirectional, and (3) junction forma-
tion was microhomology-dependent (in 20 of 23 cases)
(Fig. 4). The outcomes of unfaithful repair of 5’ overhang
DSBs in AligB/C/D cells (Supplemental Fig. S2B) were
notable for the relative paucity of nucleotide additions
(four of 20) and the consequent abundance of deletions
(18 of 20), predominantly bidirectional and most (n = 14)
with microhomologies at the junctions (Fig. 4).

The instructive finding was that 3’ overhang NHE]
was no more affected in AligB/C/D cells (26% of wild-
type NHE]J efficiency, with 100% fidelity) than in the
AligD single-knockout strain (Fig. 2). This result signi-
fies that neither LigB nor LigC1 nor LigC2 is responsible
for the sealing step of the Ku-independent 3’ overhang
NHE] pathway. We impute that function, by default, to
mycobacterial LigA, the only known residual ligase in
the AligB/C/D strain.

Different effects of inactivating versus deleting
the LigD POL domain

To gain deeper insights to the role of the LigD POL do-
main in mycobacterial NHE], we compared the effects of
ablating polymerase catalysis by mutation of the active
site to the effects of deleting the entire POL domain.
Alanine substitutions for the metal-binding residues in
the POL active site abolish LigD catalysis of templated
and nontemplated nucleotide additions without affect-
ing the strand-sealing function of LigD (Gong et al. 2005;
Pitcher et al. 2005; Zhu et al. 2006). Previously, we ex-
changed an allele encoding a polymerase-defective mu-
tant of M. smegmatis LigD—IigD-(D136A-D138A)—for
the wild-type ligD gene at the native chromosomal locus
(Zhu et al. 2006). Using the improved NHE]J reporter as-
say, we find that inactivating the LigD polymerase in the
ligD-(D136A-D138A) strain elicited only a modest dec-
rement in the efficiency of blunt NHE]J (to 29% of wild-
type) but resulted in a significant increase in the fidelity
of blunt NHEJ—to 93%, compared with 57% in wild-
type cells (Fig. 2). The increased fidelity was attributable
to the ablation of nontemplated single nucleotide addi-
tions from the pool of sequenced unfaithful NHE] junc-
tions (Supplemental Fig. S3A). In the absence of polymer-
ase activity, all unfaithful repair events involved dele-
tions (Fig. 4; Supplemental Fig. S3A). These results
confirm our previous inferences that LigD itself is the
direct catalyst of nontemplated nucleotide additions dur-
ing blunt NHEJ in vivo (Zhu et al. 2006).

We extended the analysis of NHEJ in the ligD-
(D136A-D138A) strain to 5’ overhang and 3’ overhang
DSB ends and noted that the efficiency of 5’ overhang
and 3’ overhang NHE] was unaffected by loss of LigD
polymerase activity (Fig. 2) The salient findings were
that (1) the fidelity of 5’ overhang repair was higher
(81%) in the ligD-(D136A-D138A) strain than in wild-
type cells (43% fidelity) (Fig. 2), and (2) despite the ab-
sence of LigD polymerase activity, the majority of the
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unfaithful repair events (18 of 21) still involved tem-
plated nucleotide additions to one or both 5’ overhang
ends (Fig. 4; Supplemental Fig. S3B). These results dem-
onstrate that mycobacteria have another template-de-
pendent polymerase that is capable of contributing to
Ku-dependent mutagenic NHEJ at 5’ overhang DSBs
when LigD polymerase is impaired. Conceivably, the
backup polymerase is less efficient than LigD POL itself
in filling in the 5’ overhangs, so that the balance between
sealing of the unmodified Asp7181 ends by the LigD LIG
component, versus nucleotide addition prior to LigD
sealing, is tilted toward the former scenario, thus ac-
counting for the increased overall fidelity of 5’ overhang
NHEJ in the ligD-(D136A-D138A) strain.

To gauge the effects of deleting the POL domain, we
replaced the native ligD gene with a new allele—IigD-
(APOL)—encoding only the segment of the LigD protein
that embraces the PE and LIG domains. The absence of
the POL domain does not impact on in vitro catalysis of
nick sealing by the LigD LIG domain (Pitcher et al. 2005;
Zhu and Shuman 2005a). The effect of deleting POL on
NHE] efficiency at blunt DSBs was profound (0.61% of
wild type) and virtually phenocopied the drastic decre-
ment elicited by complete ablation of LigD or Ku (Fig. 2).
The key finding was that loss of the whole POL domain
was 35-fold more deleterious to blunt NHE] efficiency
than was simple loss of the polymerase activity (Fig. 2).
The fidelity of blunt NHE]J in ligD-(APOL) cells (5.8%)
was 10-fold lower than in wild-type bacteria, again mim-
icking the effects of a full AligD-null mutation, rather
than the increased fidelity seen in the polymerase-defec-
tive strain. The outcomes of unfaithful blunt NHE] in
the ligD-(APOL) strains were notable for the strong skew
toward deletions (22 of 23 events, 13 of which involved
microhomologies) and the paucity of single nucleotide
insertions between otherwise intact ECoRV ends (one of
23 events) (Fig. 4; Supplemental Fig. S4A). Although
rarely encountered when LigD POL is absent, the latter
type of junction implies that another mycobacterial
polymerase is able to add a nontemplated nucleotide to a
blunt DNA end.

The POL domain deletion exerted similar suppressive
effects on the efficiency of 5’ overhang NHE] (to 4.6% of
the wild-type level), albeit not to the full extent seen
with the AligD-null mutant, but in stark contrast to the
lack of effect of polymerase-inactivating point mutations
on NHE]J efficiency (Fig. 2). The increased fidelity of 5’
overhang NHE]J in ligD-(APOL) cells (85%) mimicked
that seen in the ligD-(D136A-D138A) strain. Here too,
templated nucleotide additions were well represented at
the repair junctions (11 of 21 events, entailing full or
partial fill-in at one end plus a deletion at the other end),
notwithstanding the lack of the LigD POL domain (Fig.
4, Supplemental Fig. S4B). Compared with the outcomes
in the ligD-(D136A-D138A) strain, the NHE] products
in ligD-(APOL) cells were notable for the absence of
junctions that were filled-in at both ends (Supplemental
Figs. S3B, S4B).

The effect of the POL domain deletion on 3’ overhang
NHE] was to elicit only a threefold decrement in repair



efficiency, without affecting the intrinsically high fidel-
ity. In this pathway, ligD-(APOL) phenocopied Aku and
AligD.

These results prompt the conclusion that the LigD
POL domain is an essential structural component of the
Ku-dependent mycobacterial NHE] apparatus, for rea-
sons having naught to do with its polymerase activity.

Effects of inactivating versus deleting the LigD LIG
domain

The LIG domain of bacterial LigD resembles other li-
gases in that it catalyzes strand joining via a series of
three nucleotidyl transfer reactions (Akey et al. 2006;
Tomkinson et al. 2006). In the first step, attack on the «
phosphorus of ATP by ligase results in the formation of
a covalent ligase-adenylate intermediate in which AMP
is linked via a phosphoamide bond to a lysine side chain
(Lys484 in the case of M. smegmatis LigD; Lys481 in M.
tuberculosis LigD). In the second step, the AMP is trans-
ferred to the 5’ end of the 5’ phosphate-terminated DNA
strand to form a DNA-adenylate intermediate. In the
third step, the ligase catalyzes an attack by a DNA 3’-OH
on the DNA-adenylate to join the two polynucleotides
and liberate AMP.

Prior studies have shown that changing Lys481 to ala-
nine in the context of full-length M. tuberculosis LigD
abolished the strand sealing reaction in vitro, by preclud-
ing formation of the LigD-AMP intermediate (Pitcher et
al. 2005; Akey et al. 2006). The lysine-to-alanine change
had no effect on the DNA polymerase activity of LigD
(Akey et al. 2006). Here we tested the effects of the
equivalent ligase-inactivating K484A mutation in M.
smegmatis LigD on the efficiency and fidelity of blunt
and 5’ overhang NHE] in vivo, verifying with the im-
proved plasmid-based assay that LIG inactivation had
only modest effects on blunt and 5'-overhang NHE] ef-
ficiencies in vivo (37% and 27 % of the wild type, respec-
tively), compared with the severe reductions in the
AligD strain (Fig. 2).

The salient finding was that LIG inactivation drasti-
cally affected the fidelity of NHEJ at blunt DSBs, reduc-
ing it to 0.5% from the value of 57% seen in wild-type
mycobacteria (Fig. 2). The spectrum of outcomes of mu-
tagenic blunt NHE] in the ligD-(K484A) strain (Supple-
mental Fig. S5A), comprising single nucleotide additions
at otherwise intact blunt EcoRYV sites to yield +1 frame-
shifts (six of 23), single nucleotide additions at one
EcoRV end and unidirectional deletion of the other end
(three of 23), and various unidirectional or bidirectional
deletions (including three with uptake of distant plasmid
sequences between the junction ends), was fairly similar
to the mutagenic outcomes observed in wild-type cells.
These results demonstrate that (1) LigD is not the exclu-
sive source of ligase activity for Ku-dependent NHE] in
mycobacteria, and (2) reliance on a “backup” ligase vir-
tually abolishes direct joining of two unprocessed blunt
DSB ends; hence the drop in fidelity. It is conceivable
that the backup ligase is inherently less proficient than
LigD in blunt ligation or that access of the backup ligase

Mechanism of bacterial NHE]

(acting in trans) to the sealable ends is slowed compared
with LigD (acting in cis), thereby allowing more time for
nucleotide additions or deletions to occur before the
joining step is executed.

Similar themes emerged from the analysis of 5’ over-
hang NHE] outcomes in the ligD-(K484A) strain, where
fidelity was reduced to 5.1%, compared with 43% in
wild-type cells (Fig. 2). The unfaithfully repaired junc-
tions were strongly skewed toward bidirectional dele-
tions (in 20 of 22 events) and away from templated
nucleotide insertions at the 5’ overhangs (only two of 20
events) (Fig. 4; Supplemental Fig. S5B), which is counter
to the abundance of templated fill-ins seen in wild-type
mycobacteria. We favor the idea that the slow action of
the backup ligase provides more opportunity for nucle-
ase action prior to sealing.

We showed previously that the lysine-to-alanine mu-
tant of Mycobacterium LigD, though inert in sealing 3'-
OH/5’-PO, DNA nicks, retains the capacity to seal a
preformed nicked DN A-adenylate intermediate (Akey et
al. 2006). Therefore, it is conceivable that the LigD-
K484A protein catalyzes the step of phosphodiester for-
mation during NHEJ in vivo but relies on a different
ligase to form a DNA-adenylate at the 5’ end of the pro-
cessed repair junction. To probe this scenario, we intro-
duced a different mutation at the ligase active site of M.
smegmatis LigD—an alanine in lieu of an essential glu-
tamate (Glu533) in nucleotidyltransferase motif III. The
equivalent Glu-to-Ala change in M. tuberculosis LigD
abolishes the ligase-adenylylation reaction (step 1) and
the sealing of a preformed DNA-adenylate intermediate
(step 3) (Akey et al. 2006). We observed that blunt and 5’
overhang NHE] efficiencies in the M. smegmatis ligD-
(E533A) strain were 13% and 11% of wild type, respec-
tively (Fig. 2). These values are 42-fold and 14-fold higher
than in the AligD-null strain, yet they are several-fold
lower than the efficiencies seen in ligD-(K484A) (Fig. 2).
Our results are consistent with a backup ligase provid-
ing DNA-adenylate intermediates for sealing by LigD-
K484A, but they also underscore that a backup ligase can
also function in NHEJ when all the reactions of LigD LIG
are blocked. The ligD-(E533A) strain displayed very low
fidelity of blunt NHE]J (0.42%). The outcomes of muta-
genic repair included nontemplated single nucleotide ad-
ditions to a blunt EcoRV end (four of 24 events), unidi-
rectional deletions (11 of 24) and bidirectional deletions
(10 of 24), some of which involved uptake of distant plas-
mid sequences at the junctions (Fig. 4; Supplemental Fig.
S6A). The ligD-(E533A) strain also displayed reduced fi-
delity of 5’ overhang NHE] (8.6%). Analysis of the un-
faithful 5’ overhang repair junctions revealed deletions
from at least one end in each case (n = 21) (Fig. 4; Supple-
mental Fig. S6B). Templated nucleotide additions at one
of the 5’ overhang ends occurred in eight of 21 repair
events (Supplemental Fig. S6B), a higher incidence than
in the ligD-(K484A) strain.

To discriminate the contributions of the LigD ligase
catalytic activity versus potential structural contribu-
tions of the LIG domain, we constructed a M. smegmatis
mutant in which a ligD-(ALIG) allele (truncated to delete
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the C-terminal LIG domain) replaced the native ligD
gene. Deletion of the LIG domain has no impact in vitro
on the polymerase activity of the rump POL-PE version
of the LigD protein (Gong et al. 2005). The ligD-(ALIG)
strain resembled the ligase-defective strain with respect
to its 12% efficiency of blunt NHE], which was over-
whelmingly mutagenic (0.58% fidelity) (Fig. 2). The un-
faithfully repaired blunt DSBs included a minority of
single nucleotide insertions to the EcoRV ends to yield
+1 frameshifts (three of 23 events) and a majority of de-
letions (20 of 23), most of which were bidirectional (Fig.
4; Supplemental Fig. S7A). The ALIG version of LigD
apparently favored bidirectional deletions, which were
relatively rare (one of 22) during blunt DSB repair in
wild-type cells (Fig. 3). These results provide unambigu-
ous evidence for a backup NHE]J ligase in a mutagenic
pathway of blunt NHE]J.

The ligD-(ALIG) strain performed 5’ overhang NHE] at
one-sixth the efficiency of wild-type M. smegmatis. The
22% fidelity of 5’ overhang repair in the absence of a LIG
domain was higher than the 5.1% and 8.6% fidelities
noted for the ligase catalytic-defective LigD point mu-
tants (Fig. 2), suggesting that the presence of an inactive
LIG structural domain in the NHE] complex might be an
impediment to direct sealing of the sticky 5’ overhang
ends by the backup ligase. The outcomes of mutagenic 5’
overhang NHEJ in the ligD-(ALIG) strain resembled
those seen in ligD-(K484A) (Fig. 4) with respect to the
prevalence of bidirectional deletions (18 of 20 junctions)
and the low incidence of fill-in nucleotide additions (two
of 20) accompanying a deletion at the other DSB end
(Supplemental Fig. S7B).

The effects of inactivating LigD ligase or deleting the
LIG domain on 3’ overhang NHE] were modest (Fig. 2).
Efficiencies of 42%-52% were higher than the 27%
value in the AligD mutant, reflecting a partial decrement
in the Ku-dependent route of 3’ overhang NHE] (which
accounts for about three-fourths of the 3’ overhang re-
pairs in wild-type cells) when LigD sealing activity was
lost. NHE] at 3’ overhang DSBs was still extremely faith-
ful (97%-99%) in the absence of LigD ligase (Fig. 2).

An ATP-dependent ligase provides the backup
for LigD LIG

Which of the other mycobacterial ligases catalyzes the
substantial residual levels NHE]J at blunt and 5’ over-
hang DSBs in the absence of LigD LIG? To address this
question, we constructed M. smegmatis strains in which
the ligB and IigC loci were deleted, and the IigD locus
was either wild type (IligD*) or substituted by the ligase-
defective ligD-(K484A) or ligD-(E533A) alleles. NHE] ef-
ficiencies in the ligD* AligB/C strain were as high or
slightly higher than in wild-type cells, and the fidelities
of NHE] were similar to wild-type fidelities for the repair
of blunt, 5’ overhang, and 3’ overhang DSB ends (Fig. 2).
The spectrum of unfaithful repair outcomes at blunt and
5" overhang DSB ends in the ligD* AligB/C strain was
fairly similar to that of wild-type cells (Supplemental
Fig. S8). Thus, LigB and LigC appear not to be major
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contributors to NHEJ of linear plasmid DSBs when wild-
type LigD is present.

The instructive findings were that the substantial re-
sidual blunt and 5’ overhang NHE]J activities observed in
the IigD-(K484A) and IligD-(E533A) single-mutant
strains were abolished in a AligB/C background (Fig. 2).
Yet, 3’ overhang NHE] persisted at one-fourth the wild-
type efficiency in the ligD-(K484A) AligB/C strain, phe-
nocopying AligB/C/D (Fig. 2). We conclude that (1) LigA
cannot provide backup sealing activity for blunt or 5’
overhang NHE]J in M. smegmatis, and (2) the backup
sealing function is provided by one of the ATP-depen-
dent mycobacterial ligases, most probably LigC (see Dis-
cussion).

The residual blunt DSB repair events in the IligD-
(K484A) AligB/C and ligD-(E533A) AligB/C strains were
all unfaithful, always involved deletions, and relied
heavily on microhomologies at the junctions (Supple-
mental Figs. S9A, S10A). These outcomes resemble
those seen in other mutant strains (Aku, AligD, or AligB/
C/D) in which blunt NHE]J was suppressed (Fig. 4). Simi-
larly, the 0.12% efficiency of 5’ overhang NHE] in ligD-
(K484A) AligB/C and ligD-(E533A) AligB/C cells and the
52%-59% fidelities matched the other grossly NHE]J-de-
fective mutants (Fig. 2). The junctions of the unfaithfully
repaired 5’ overhang DSBs in ligD-(K484A) AligB/C and
ligD-(E533A) AligB/C cells (Supplemental Figs. S9B,
S10B) included many templated fill-ins but were most
remarkable for the high incidence of bidirectional dele-
tions that were joined with the aid of microhomologies.
These outcomes were similar to those in Aku, AligD, or
AligB/C/D cells (Fig. 4).

Effects of PE inactivation indicate that LigD is not
the catalyst of deletion formation

There is ambiguity in the literature concerning the na-
ture of the 3’ end-modifying functions of bacterial LigD
and their possible roles in NHE]. Doherty and colleagues
reported that full-length M. tuberculosis LigD has a
DNA 3’ exonuclease activity that they attributed to the
PE domain based on the finding that a mutation within
the PE domain suppressed the DNA exonuclease activity
in vitro (Della et al. 2004). These investigators subse-
quently found that the isolated PE domain of M. tuber-
culosis LigD had no detectable DNA 3’ exonuclease ac-
tivity (Pitcher et al. 2005). The high prevalence of dele-
tions at repaired plasmid DSB ends in E. coli cells
expressing mycobacterial Ku and LigD was cited in sup-
port of a model whereby a LigD nuclease is responsible
for deletion formation in vivo (Malyarchuk et al. 2007).

Studies in our laboratory of LigD PE domains from
Pseudomonas, Agrobacterium, and Mycobacterium in-
dicate that LigD is a bifunctional 3’ ribonuclease/3’
phosphatase that resects a short tract of 3’ ribonucleo-
tides on a primer-template substrate to the point at
which the primer strand has a single 3’ ribonucleotide
remaining (Zhu and Shuman 2005b, 2006, 2007; Zhu et
al. 2005). The failure to digest beyond this point reflects
a requirement for a 2’-OH group on the penultimate



nucleoside of the primer strand, which explains why no
DNA 3’ exonuclease was detected in our assays. The
ribonucleotide resection activity resides within the PE
domain and is the result of at least two component steps:
(1) The 3’-terminal nucleoside is first removed to yield a
primer strand with a ribonucleoside 3'-PO, terminus,
and (2) the 3'-PO, is hydrolyzed to a 3’-OH. The PE do-
main also catalyzes hydrolysis of the 3'-PO, of an all-
DNA primer-template substrate. The phosphodiesterase
and phosphomonoesterase activities are both dependent
on the presence and length of the 5’ single-strand tail of
the primer-template substrate. These properties distin-
guish LigD PE from other 3’ end-processing enzymes and
suggested to us that PE activity might come into play
during gap repair or remodeling of DSBs with recessed 3’
ends, though not as the likely culprit in forming the large
deletion tracts prevalent during unfaithful repair of blunt
and 5’ overhang DSBs in vivo in wild-type M. smegmatis.
To address the role of the PE domain in vivo, we con-
structed M. smegmatis strains in which the native ligD
locus was substituted by the mutant alleles IigD-
(E310A) or ligD-(H336A). Glu310 is conserved in LigD
PE domains from diverse bacteria and is specifically es-
sential for the polynucleotide 3’ phosphomonoesterase
activity, though not for the phosphodiester cleavage step
of ribonucleotide resection (Zhu et al. 2005; Zhu and
Shuman 2006). The efficiencies and fidelities of blunt, 5’
overhangs, and 3’ overhang DSB repair in the IligD-
(E310A) strain were virtually identical to wild-type M.
smegmatis (Fig. 2). Moreover, the prevalence of deletions
at one or both ends during unfaithful blunt or 5’ over-
hang NHE] was no less in ligD-(E310A) than in wild-type
bacteria (Fig. 4; Supplemental Fig. S11). His336 is also
strictly conserved in LigD PE domains and is essential
for both the 3’ phosphomonoesterase and 3’ phosphodi-
esterase activities (Zhu et al. 2005; Zhu and Shuman
2006). The efficiencies of blunt, 5’ overhangs, and 3’
overhang DSB repair in the ligD-(E310A) strain were
minimally affected (60%-87% of wild type), and the fi-
delities were virtually identical to wild-type M. smeg-
matis (Fig. 2), The incidence (and lengths) of deletions
during unfaithful blunt or 5’ overhang NHE] was no less
in ligD-(H336A) than in wild-type M. smegmatis (Fig. 4;
Supplemental Fig. S12). These results exclude LigD PE as
the source of the nuclease for deletion formation during
mutagenic NHE] of linear plasmid DSBs in vivo.

RecBCD is not the principal agent of deletion
formation

Bacterial RecBCD is a heterotrimeric nuclease/helicase
that rapidly and processively resects DSB ends in vivo
and in vitro (Singleton et al. 2004). An M. smegmatis
ArecBCD mutant deleted for all three subunits is viable
(Stephanou et al. 2007). Here we found that ablation of
RecBCD had virtually no effect on the efficiency or fi-
delity of blunt, 5’ overhang, or 3’ overhang NHE] (Fig. 2).
The spectrum of unfaithful NHE]J outcomes at blunt and
5’ overhang DSBs in the ArecBCD mutant was similar to
wild-type mycobacteria (Fig. 4). In particular, there was
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no decline in the prevalence or size of the deletion tracts
(Supplemental Fig. S13), indicating that RecBCD is not
the principal catalyst of deletion formation during my-
cobacterial NHEJ in vivo.

Discussion

The studies presented above support a new and more
complex view of mycobacterial NHE] instead of the
simple two-component model (Della et al. 2004), which
held that Ku and LigD are necessary and sufficient to
perform all the physiological reactions of NHE] in vivo.
Whereas it is the case that the Ku and LigD proteins are
stringently required for the repair of blunt and 5’ over-
hang DSBs in Mycobacterium, the Ku/LigD pathway is
but one of two options available to rectify cohesive 3’
overhang DSBs. We estimate that three-fourths of the 3’
overhang NHE] events in wild-type cells flux through
the Ku/LigD system, while one-fourth of the repairs are
catalyzed by a novel mechanism. Our experiments show
that only the POL domain of LigD is strictly required for
the Ku-driven NHE]J pathway, in which POL plays a
structural role that is genetically separable from its abil-
ity to catalyze nucleotide additions at DSB ends.

The working model of bacterial NHE] is that Ku binds
to the broken DNA ends and recruits LigD. Physical in-
teraction of Ku and LigD has been demonstrated by de-
tection of a DNA-Ku-LigD ternary complex by native
gel electrophoresis and identification of Ku in a genome-
wide yeast two-hybrid screen for LigD interaction part-
ners (Weller et al. 2002; Gong et al. 2005). Both assays
implicate the POL domain as the major point of contact
between LigD and Ku (Pitcher et al. 2005; N.C. Stepha-
nou and M.S. Glickman, unpubl.). This engenders the
prediction that, absent the POL domain, the LigD pro-
tein composed of PE and LIG domains would not be ef-
fectively recruited to Ku-bound DSB ends. The failure of
the “backup” ATP-dependent ligase to work in this case
suggests that POL might have a function beyond recruit-
ment of the sealing module. Indeed, the recently re-
ported crystal structure of the mycobacterial POL do-
main bound to DNA (Brissett et al. 2007) provides a key
insight to the NHEJ mechanism, by implicating LigD
POL in synapsis of the broken DNA ends. Accordingly,
the core of the NHE] complex could plausibly consist of
the toroidal Ku homodimer engaged near the DSB end
with the LigD POL domain tethered to Ku on the side
facing toward the break (Fig. 7A).

When full-length wild-type LigD is assembled in the
complex, the outcomes of NHEJ are strongly dependent
on the structure of the initial DSB ends. Blunt and
complementary 5’ overhang DSBs are repaired with a
high incidence of mutation (43%-57%), while 3’
complementary overhang repair is remarkably faithful
(4% error rate if one considers only the fraction of 3’
overhang repairs that are Ku-dependent). The present
study shows how the decision between faithful and un-
faithful NHEJ at a particular DSB end is determined by a
balance between LigD ligase and LigD polymerase activi-
ties and the action of mycobacterial nuclease(s) that re-
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Figure 7. Multiple NHE] pathways in mycobacteria. Two al-
ternative pathways of Ku-dependent blunt DSB repair are de-
picted in A and B. (A) In wild-type cells, the NHE] apparatus is
assembled at the DSB via contacts between the Ku homodimer
(which encircles the DNA as a toroidal clamp) and the POL
domain of LigD. The choice between faithful and unfaithful
DSB repair reflects a kinetic balance between immediate sealing
by the LIG domain (in the context of a synaptic complex with
the other DSB end), nontemplated single nucleotide addition by
the LigD POL domain, and end resection by an unknown my-
cobacterial nuclease. (B) Absent the LigD LIG domain (or when
LigD ligase activity is suppressed), LigC provides backup sealing
activity for blunt and 5’ overhang NHE]. Because all blunt/
5'overhang NHEJ requires the POL domain, we surmise that
LigC interacts with the Ku-POL complex. Virtually all NHE]J
events that proceed via this pathway are mutagenic. (C) M.
smegmatis has a Ku-independent NHE] pathway specific to
sticky 3’ overhang DSBs that is nonmutagenic and, being active
in AligB/C/D cells, apparently relies on LigA. It is not known if
other accessory factors participate in this novel pathway.

sect the DSB ends. A genetic manipulation that abol-
ishes LigD polymerase activity decreases the mutation
frequency of blunt NHEJ (from 43% to 7%) by eliminat-
ing the nontemplated single nucleotide additions that
are a major source of infidelity in wild-type mycobacte-
ria. Loss of LigD polymerase activity also decreases the
mutation frequency of 5 overhang NHE] (from 67% to
19%), yet templated fill-ins of the 5’ overhang ends are
still well-represented among the residual unfaithful re-
pair events; they are apparently catalyzed by a different
mycobacterial polymerase. It is satisfying to note that
the NHE] reactions impacted by the polymerase-inacti-
vating LigD mutations in vivo (nontemplated blunt ad-
dition and short templated fill-in) are the ones at which
LigD POL is most adept in vitro (Gong et al. 2005;
Pitcher et al. 2005; Zhu and Shuman 2005a).

LigD POL is also capable of adding nucleotides in vitro
to ssDNA primers and to DNA duplexes with 3’ single-
stranded overhangs (Della et al. 2004; Zhu and Shuman
2005a; Brissett et al. 2007), which are analogous to the
Kpnl-cut plasmid ends used here to study NHE] in vivo.
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The enhancing effect of a nearby 5'-PO, terminus on
POL binding to a gapped DNA duplex (Pitcher et al.
2007c) is especially pertinent to explain many of the mu-
tagenic 3’ overhang repair junctions formed in wild-type
M. smegmatis. In these cases (indicated by check marks
in Fig. 5), there is potential for POL-assisted cross-junc-
tion synapsis to form a gap that could then be filled-in by
templated nucleotide addition (Brissett et al. 2007). Al-
though our studies of 3’ overhang NHE] in vivo provide
evidence for such a mechanism, they underscore that
nucleotide additions to a 3’ tailed duplex represent only
a tiny fraction of the total flux of 3’ overhang plasmid
DSB repair. In the plasmid-based assay, we did not ob-
serve any unfaithful junctions containing an extra
nucleotide at otherwise unresected Kpnl ends, indicating
that nontemplated addition to a 3’ single-stranded tail is
either unlikely to occur or does not eventuate in repair
(in contrast to nontemplated blunt-end additions, which
are quite common in mycobacterial NHE]). NHE] events
entailing incorporation of nontemplated nucleotides at
3" overhang chromosomal DSBs can be detected when
relentless selection pressure is applied so that survival of
M. smegmatis depends on accumulating mutations at
the repair junction (Stephanou et al. 2007).

Interdiction of the LigD ligase activity drastically in-
creases the mutation frequency of blunt and 5’ overhang
NHE]J and strongly skews the outcome toward deletions,
indicating that delayed or inefficient strand sealing by
the backup ligase affords more opportunity for DSB end
resection by nuclease action. Our findings suggest that
the backup ligase can either provide DNA-adenylate that
can be sealed by the LigD K484A mutant or provide all
sealing activities when LigD LIG is deleted (albeit with
diminished efficiency). LigC emerges as the best candi-
date for the backup ligase (Fig. 7B) because of its close
structural and functional similarities to the LigD LIG
domain, including (1) relatively feeble activity in sealing
nicked DNA duplexes; (2) propensity to accumulate the
DNA-adenylate intermediate during DNA nick-sealing
in the presence of ATP; and (3) the ability of LigC to
catalyze plasmid DSB repair in vitro in the presence of
Ku (Gong et al. 2004; Zhu and Shuman 2007). In con-
trast, LigB is an efficient nick-sealing enzyme, by virtue
of an N-terminal DNA-binding domain that is lacking in
LigD and LigC (Fig. 1A), and it does not accumulate
DNA-adenylate during strand joining in vitro (Gong et
al. 2004).

Our results indicate that the PE activity of LigD does
not catalyze deletion formation and does not obviously
participate in plasmid-based NHE] with either blunt or
5" overhang DSB substrates. What then is the purpose of
the PE activity? The DNA 3’ phosphatase function could
be relevant to repair scenarios in which the inciting dam-
age produces 3’ modified ends that cannot be either ex-
tended by a polymerase or sealed by a ligase. For ex-
ample, DNA breaks with 3'-PO, termini can be gener-
ated directly by nucleolytic cleavage or ionizing
radiation, or as intermediates formed during base exci-
sion repair. Because 3’-PO, ends would probably not
arise during NHE]J of transfected linear plasmids, it is



sensible that PE-inactivating mutations of mycobacte-
rial LigD would not affect NHE] in this in vivo assay
format.

The identity of the mycobacterial nuclease(s) respon-
sible for deletion formation during blunt and 5’ overhang
NHE] remains to be determined. Here we provided ge-
netic evidence that RecBCD is neither the sole catalyst
nor the predominant agent of DSB end resection. Either
RecBCD is unable to degrade the DSBs destined for
NHEJ—e.g., because they might be protected by Ku—or
there are other mycobacterial nucleases available to gen-
erate deletions at DSB ends when RecBCD is absent.
With respect to the latter model invoking functional re-
dundancy, it is intriguing that the ArecBCD-null strain
is no more sensitive than wild-type M. smegmatis to
killing by UV irradiation (Stephanou et al. 2007),
whereas E. coli is acutely reliant on RecBCD to with-
stand UV damage.

It is not clear what purpose is served by mycobacterial
NHE] being so highly error-prone in the repair of comple-
mentary 5’ overhang and blunt DSB ends, while simul-
taneously maintaining high fidelity for NHE] at comple-
mentary 3’ overhangs. Although mutagenic DSB repair
might seem counterproductive, it could have advantages
in certain stress situations such as stationary phase or
starvation (Ponder et al. 2005). Specifically, given the
choice between certain death from a chromosomal break
and survival via NHE]J with a single gene mutation, the
quiescent mycobacterial cell seems better off opting for
survival. NHE] might even play a role in mycobacterial
resistance to isoniazid, a first-line drug for treatment of
human tuberculosis, which is conferred by loss-of-func-
tion mutations in the katG gene (Zhang et al. 1992).

The advantages to the Mycobacterium of highly faith-
ful 3’ overhang NHE] are uncertain, but this unique fea-
ture is apparently exploited by the mycobacteriophages
Omega and Corndog, which depend on host LigD for
plaque formation (Pitcher et al. 2006). Neither virus re-
quires the host Ku, but each virus encodes its own Ku
homolog. Phage infection requires the ligase activity of
LigD, but not the polymerase activity. LigD is needed to
circularize the mycobacteriophage genome, which en-
tails sealing of complementary 4-base 3’ single-strand
overhangs at the ends of the linear phage DNA (Pitcher
et al. 2006). It is sensible that sealing of the phage 3’
overhang ends ought to be error-free (as we demonstrate
here for plasmid 3’ overhangs) in order to allow for
proper site-specific cleavage of the replicated progeny
phage DNAs into unit-genome-length linear molecules.
It is unclear why the LigD-independent pathway of faith-
ful 3’ overhang NHE] described here (Fig. 7C) is not
available to the infecting mycobacteriophage. We specu-
late that the mycobacteriophage-encoded Ku might be
deposited at the ends of the linear phage genome during
DNA encapsidation, where it is poised to direct sealing
of the injected phage DNA down the LigD-dependent
pathway during the next round of infection. Mycobacte-
riophage Ku, in common with the Ku-like Gam protein
of bacteriophage Mu (d’Adda di Fagagna et al. 2003),
is a homodimer that binds to linear DNA ends and pro-
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tects them from exonucleolytic digestion (Pitcher et al.
2006).

Materials and methods
LigD mutants

Plasmid pET-MsmLigD encodes the M. smegmatis LigD poly-
peptide fused to an N-terminal His,, tag (Gong et al. 2005).
Missense mutations that selectively ablate LigD’s polymerase
(D136A-D138A), phosphoesterase (E310A or H336A), or ligase
(K484A or E533A) activities were introduced into the ligD gene
by the two-stage PCR overlap extension method using pET-
MsmLigD as the template. An N-terminal truncation mutant,
ligD-(APOL), was generated by PCR amplification with a sense-
strand primer that introduced an Ndel site overlapping a new
translation start codon in lieu of the codon for Glu289. A C-
terminal truncation mutant, ligD-(ALIG), was generated by
PCR amplification with an antisense-strand primer that intro-
duced a stop codon in lieu of amino acid 449. The mutated PCR
products were inserted into pET16b, and the inserts were se-
quenced completely to exclude the acquisition of unwanted
changes during amplification and cloning.

Plasmid pMSG346 (marked with selectable and counters-
electable hyg and sacB genes) was used to perform allelic ex-
change at the ligD locus of a M. smegmatis AligD strain (Gong
et al. 2005). pMSG346 contains 503 base pairs (bp) of genomic
DNA 5’ of the IigD ORF and 490-bp of genomic DNA 3’ of the
ORF, with an Ndel site introduced at the start codon and a
BamHI site introduced 37 bp 3’ of the stop codon. The mutated
ligD genes described above were excised from the pET vector
and inserted between the Ndel and BamHI sites of pMSG346.
The resulting plasmids were transformed into the AligD strain;
allelic exchange was executed by the two-step selection/coun-
terselection strategy (Braunstein et al. 2001). A control allelic
exchange was performed with pMSG346 containing the wild-
type ligD gene. Restoration of the ligD locus was confirmed in
each case by Southern hybridization.

AligB/C/D triple knockout

The ligD gene was deleted in a M. smegmatis AligB/C strain
(Gong et al. 2005) by two-step allelic exchange for the ligD
knockout cassette employed previously to make the AligD
strain (Gong et al. 2005). The resulting AligB/C/D mutant was
then used to reintroduce the following alleles at the IigD locus:
wild type (ligD"), ligD-(K484A), and ligD-(E533A). The initial
ligD deletion and subsequent allelic exchanges of the ligD locus
in the AligB/C background were confirmed by Southern hybrid-
ization with diagnostic probes.

Improved NHE] reporter plasmids

The original NHE] reporter plasmid, pMSG288 (Gong et al.
2005), was modified by insertion of a 3.8-kbp EcoRV fragment
from a different plasmid into the unique EcoRV site within
the lacZ gene (Fig. 1B) or by insertion of a 3-Kbp Asp7181
fragment from another plasmid into the unique Asp7181
site in the lacZ gene (Fig. 1C). For the linear NHE] substrates,
plasmid was sequentially digested with Kpnl + Psil (3’ over-
hangs), Asp7181 + Psil (5’ overhangs), or EcoRV + Xbal (blunt
ends). The digestion products were gel-purified using Qiagen gel
purification kit.

NHE] assay

The NHE] assay was performed and the results were quantified
as described previously (Gong et al. 2005; Akey et al. 2006; Zhu
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et al. 2006). Briefly, between 8 and 108 ng of linearized plasmid
DNA (or 3-66 ng of uncut circular plasmid) were electroporated
into 400 pL of competent M. smegmatis prepared according to
Snapper et al. (1990). The overhang substrates were incubated
for 10 min at 65°C to dissociate the sticky ends prior to elec-
troporation. After electroporation, the cells were transferred im-
mediately to 1 mL of Luria-Bertani medium and incubated for
2-4 h at 37°C with constant shaking (150 rpm). Three dilutions
of the transformation mixtures were then plated on Middle-
brook 7H10 agar medium supplemented with 0.5% glycerol,
0.5% dextrose, 20 pg/mL kanamycin, and 50 pg/mL X-gal.
Colony counts and colony color (blue/white) were assessed after
incubation for 3 d at 37°C. Efficiency was calculated as the ratio
of colonies per nanogram of transformed linear DNA versus
colonies per nanogram of circular DNA. Absolute NHE] effi-
ciency values in wild-type M. smegmatis for repair of blunt, 5’
overhang, and 3’ overhang DSB ends were 1%, 0.6%, and 7.2%,
respectively (the values are the averages of four separate experi-
ments). The NHE] efficiency values for mutant strains were
normalized to the efficiency value of wild-type M. smegmatis
(defined as 100%) and are reported in Figure 2. Fidelity was
calculated as percentage lacZ* (blue) transformants.

NHE]J plasmid junction sequencing

Pairs of convergently oriented primers flanking the DSB ends of
the reporter plasmids were used to PCR-amplify DNA from
individual kan® JacZ~ transformants and were described previ-
ously (Gong et al. 2005). Amplifications were performed with
primers at sites located 795 bp and 1252 bp from the original
Asp7181/Kpnl sites or 792 bp and 693 bp from the original
EcoRV sites. In case these primers failed to amplify the repair
junction (because NHE] entailed deletion beyond one or both of
the primer sites), a second set of primers was located 1759 bp
and 2251 bp from the original Asp7181/Kpnl sites or 1911 bp
and 3148 bp from the original EcoRV sites. The PCR products
were sequence using the primers used for amplification and
various nested sets of internal primers located 140 bp and 380 bp
on either side of the original restriction sites. In the few cases in
which the second set of primers failed to amplify DNA from the
M. smegmatis colony, we recovered the plasmid by transforma-
tion into E. coli, purified the plasmid DNA, and then sequenced
the junction.
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